In this study we describe a multiplex PCR assay for the detection of nine clinically relevant antibiotic resistance genes of Staphylococcus aureus. Conditions were optimized to amplify fragments of mecA (encoding methicillin resistance), aacA-aphD (aminoglycoside resistance), tetK, tetM (tetracycline resistance), erm(A), erm(C) (macrolide-lincosamide-streptogramin B resistance), vat(A), vat(B), and vat(C) (streptogramin A resistance) simultaneously in one PCR amplification. An additional primer pair for the amplification of a fragment of the staphylococcal 16S rDNA was included as a positive control. The multiplex PCR assay was evaluated on 30 different S. aureus isolates, and the PCR results correlated with the phenotypic antibiotic resistance data obtained by the broth microdilution assay. The multiplex PCR assay offers a rapid, simple, and accurate identification of antibiotic resistance profiles and could be used in clinical diagnosis as well as for the surveillance of the spread of antibiotic resistance determinants in epidemiological studies.
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During the past 15 years, the prevalence of methicillin-resistant Staphylococcus aureus (MRSA) has increased in many parts of the world (38) . Severe MRSA infections such as bacteremia are associated with higher mortality than one methicillin-susceptible S. aureus infections (see reference 10 for a meta-analysis). It is well established that rapid identification and antimicrobial susceptibility testing have an impact on the clinical outcome of severe infections (6, 7). Rapid detection of MRSA by PCR for the mecA gene coding for methicillin resistance via penicillin binding protein 2a (PBP2a) is well established (14) . Furthermore, this PCR became the "gold standard" for detection of methicillin resistance because methicillin (oxacillin) resistance is often heterogeneously expressed in vitro (8).
Until the mid-1990s the majority of MRSA isolates exhibited a multiresistance phenotype. Therefore, demonstration of mecA as basic marker was regarded as sufficient for choosing glycopeptides as a therapeutic alternative. However, we have observed the dynamics of MRSA clones during the past 8 years and detected an increased prevalence of newly emerging epidemic strains with less broad resistance patterns, at least in Europe (20, 39) . On the other hand, outbreaks with "old" epidemic strains that had acquired resistance to quinupristindalfopristin and also exhibited reduced susceptibility to glycopeptides have been reported (15, 36) . There are also observations of sporadic cases of linezolid resistance in S. aureus (33, 37) and of acquisition of transferable glycopeptide resistance (vanA [30] ). Therefore, detection of genes conferring resistance to the "old" antibiotics like macrolides, lincosamidines, gentamicin, and tetracyclines has become clinically relevant again (18) . For these reasons, rapid diagnostic tests for MRSA should include tests of resistances to older standard antibiotics as well as to recently introduced compounds.
Here we report a multiplex PCR based on demonstration of the most frequent resistance genes besides mecA for different groups of antibiotics. For aminoglycoside resistance, this is the aacA-aphD gene, coding for a bifunctional enzyme (26, 34) and conferring cross-resistance to clinically used aminoglycosides such as gentamicin, tobramycin, kanamycin, and, when overexpressed, amikacin (31) . In the vast majority of S. aureus isolates, resistance to macrolides is due to N 6 -dimethylation of the adenine at position 2058 of 23S rRNA. Recent clinical isolates possess the erm(A) and/or the erm(C) gene coding for rRNA methylases; hospital strains carrying erm(B) are rather infrequent (29) . When expressed constitutively, methylases also confer resistance to lincosamidines and to streptogramin B compounds. For full resistance to the streptogramin combination quinupristin-dalfopristin, strains need to carry additional resistance to streptogramin A compounds, which is basically mediated by acetylation [acetyltransferase genes vat(A), vat(B), and vat(C) (1, 3, 5)], supplemented by efflux pumps encoded by vga(A) and vga(B) (2, 4). Tetracycline resistance in S. aureus is either based on modification of the ribosome encoded by the widely disseminated tetM gene or mediated by tetK encoded efflux. Of the variety of different tet genes coding for efflux mechanisms, tetK is most often found in S. aureus (27, 32) . Tetracycline-resistant MRSA isolates (up to 50% of MRSA isolates [27] ) carrying the tetK gene are susceptible to minocycline, whereas minocycline-resistant strains harbor tetM or both tetK and tetM (32) .
MATERIALS AND METHODS
Bacterial strains. S. aureus isolates investigated in this study originated from the strain collection of our laboratory at the National Reference Center for Staphylococci in Germany and are representatives of the major clonal groups of MRSA disseminated in Central Europe (12 Antimicrobial susceptibility testing. Isolates were tested by the broth microdilution assay as described in the NCCLS standard (25) , except that Iso-Sensitest broth (Oxoid, Wesel, Germany) was used. The antibiotic panel included penicillin G, oxacillin, gentamicin, erythromycin, clindamycin, oxytetracycline, ciprofloxacin, phosphomycin, chloramphenicol, trimethoprim-sulfamethoxazole, fu-sidic acid, rifampin, quinupristin-dalfopristin, vancomycin, teicoplanin, and linezolid. The breakpoints were those described in NCCLS standards (21) except for those antibacterials not included in the standards, such as phosphomycin (resistance, Ն128 mg/liter), fusidic acid (Ն4 mg/liter), and linezolid (Ն8 mg/ liter).
DNA extraction. DNA was extracted from about 10 single colonies with the DNeasy tissue kit (Qiagen, Hilden, Germany) as specified by the manufacturer and using lysostaphin (100 g/ml; Sigma, Munich, Germany) to achieve bacterial lysis.
Multiplex PCR for the detection of selected antibiotic resistance genes. The PCR primers used to detect 10 different loci in a multiplex PCR approach are listed in Table 1 . All primers were selected from public databases and synthesized by TibMolbiol (Berlin, Germany). Primer length and GϩC content were kept as uniform as possible to minimize differences in annealing temperature and were checked for specificity in a BLAST search available through the National Center for Biotechnology Information website (www.ncbi.nlm.nih.gov). The primers were tested in single PCR amplifications with DNA from genotypically defined isolates before being used in the multiplex assay. Single PCR amplifications were performed with Ready-to-Go-PCR beads (Amersham Pharmacia Biotech, Freiburg, Germany) in a 25-l reaction mixture containing approximately 10 ng of template DNA and 2.5 pmol of each primer. Initial denaturation at 94°C for 3 min was followed by 30 cycles of amplification with 94°C for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 30 s (except for the final cycle, which had an extension step of 4 min). The PCR products were analyzed on a 1.5% agarose gel and further controlled by sequencing.
Sequencing reactions were carried out using the ABI PRISM BigDye Terminator cycle-sequencing ready reaction kit (Applied Biosystems, Foster City, Calif.) as specified by the manufacturer. Sequence comparison to the published sequence data was performed with the DNASTAR software package (DNAS-TAR Inc., Madison, Wis.).
Multiplex PCR amplifications were carried out in a 100-l volume comprising approximately 40 ng of template DNA, 10 pmol of each of the 20 primers, a final concentration of 0.4 mM each deoxyribonucleoside triphosphate, and 5 U of Taq DNA polymerase (Amersham Pharmacia Biotech) in 1ϫ PCR buffer supplied by the manufacturer; the MgCl 2 final concentration in the PCR mixture was adjusted to 4 mM. Cycling conditions were the same as described above. Amplification products were analyzed on a 2.5% agarose gel (80 V for 200 min) to separate the different amplification products efficiently. To accelerate the analysis, amplification products were separated using the 2100 Bioanalyzer together with the DNA 1000 LabChip kit (Agilent Technologies, Böblingen, Germany).
Southern hybridization. Southern blotting and hybridizations were performed by standard procedures. To verify the identity of the amplification products, the products of the multiplex reaction as well as the single PCR amplification (positive control) were transferred to nylon membranes (Boehringer GmbH, Mannheim, Germany) and hybridized with the different digoxigenin-labeled PCR products as probes.
RESULTS
Multiplex PCR for the detection of selected antibiotic resistance genes. Before the optimization of the multiplex reaction, we ensured that the single PCR amplifications yielded amplicons of the expected sizes. Amplicon sizes ranged from 107 to 532 bp, differing by at least 20 bp to facilitate electrophoretic separation (Table 1 ). The reaction conditions for the multiplex PCR were optimized using a DNA mixture (containing all resistance gene targets) and following the general principles described by Henegariu et al. (16) to amplify the 10 targets almost equally. Therefore, we tested different concentrations of primer, oligonucleotides, and MgCl 2 until we had adjusted the optimal conditions as described in Materials and Methods. Figure 1A shows an agarose gel stained with ethidium bromide to illustrate the typical results obtained with the single PCR amplifications and the optimized multiplex PCR assay, respectively. To accelerate the analysis of the amplification product, we separated the PCR fragments by use of the Agilent Bioanalyzer together with the Agilent DNA 1000 LabChip kit. The separation process takes only 30 min by this technique, in contrast to 3 h by conventional gel electrophoresis (Fig. 1B) . To verify the efficiency of the amplification and the absence of significant PCR inhibition, an internal control primer pair targeting the staphylococcal 16S rDNA (16s 1 plus 16s 2 [ Table  1 ]) was included in the Multiplex PCR assay. Using this primer pair, we were able to amplify a PCR product of the expected size from template DNA of 10 different staphylococcal species (including S. aureus and coagulase-negative staphylococci [CNS]) but not from DNA of other bacterial species. Another internal control primer pair targeting an S. aureus-specific DNA fragment (24) was included as an alternative (data not shown). Including this primer pair facilitates the definite identification of S. aureus isolates as well as the determination of their resistance genotypes. To determine the sensitivity of the assay, we performed multiplex PCR using different amounts of template DNA ranging from 40 ng to 100 fg in a 50-l reaction mixture. We were able to amplify all expected targets from a minimum of 100 pg of target DNA (data not shown). To verify the identity of the PCR products, the single amplicons were sequenced; all sequences obtained were identical to those obtained from the databases. Furthermore, digoxigenin-labeled amplicons were used as probes in a Southern blot hybridization. All probes hybridized to the expected fragments of the multiplex PCR amplification, indicating that all targets are amplified efficiently and correctly in the multiplex approach (data not shown).
Correlation between susceptibility testing and the multiplex PCR. For 30 Staphylococcus isolates, we compared susceptibility results determined by the broth microdilution assay with the results of the multiplex PCR assay for the simultaneous detection of antibiotic resistance genes ( Fig. 2; Table 2 ). For these isolates, we found a correlation between the results of the multiplex PCR and those of classical resistance testing ( Table  2 ). The amplification control could be amplified in all Multiplex PCR amplifications, indicating that the PCR had been performed efficiently. Of 28 oxacillin-resistant strains, all carried a mecA gene. All gentamicin-resistant isolates were shown to have the aacA-aphD gene. A total of 23 strains were resistant to erythromycin and/or clindamycin. In 15 of these isolates, the erm(A) gene was present; in 8, erm(C) could be detected. One isolate carried both erm(A) and erm(C). Ten isolates were resistant to oxytetracycline and carried either tetK or tetM or both resistance genes. The only quinupristin-dalfopristin-resistant isolate in our collection was shown to carry the vat(B) gene. Thus, the results of the multiplex PCR assay correlated with the results of the phenotypic antibiotic resistance determination.
DISCUSSION
The use of multiplex PCR for the species identification of S. aureus and for the detection of antibiotic resistance genes has been described previously (17, 22, 28, 35) . Those reports deal with the detection of the methicillin resistance gene mecA, along with the genes nuc, coa, 16S rDNA, and femA as species specific genes; these assays therefore amplify a maximum of three fragments simultaneously. A recent study describes a PCR assay system for the detection of the antibiotic resistance genes mecA, aacA-aphD, blaZ, erm(A), erm(B), erm(C), and msr(A) (23) . This PCR system consists of seven different mul- tiplex PCR assays, all including two species-specific primer pairs and a primer pair for the specific detection of one antibiotic resistance gene. The multiplex PCR assay described in our study includes the detection of nine different relevant resistance genes in one reaction, including resistance to older compounds and new antibiotics. It is easy to perform and much more cost-effective. Resistance determinants to be included were selected based on clinical and technical considerations. Since the number of fragments to be amplified simultaneously in a single PCR amplification is limited, we chose genes most frequently associated with resistance of S. aureus to clinically relevant antibiotics (21, 26, 27, 29) . Accessory resistance genes (e.g., vga genes [streptogramin A resistance], which are detected along with vat or erm genes in the majority of cases [21] ) and/or contribute only to a minor increase in MIC, were not considered.
The technique presented here takes about 6 h for multiplex PCR and analysis of the amplification products. Using the Agilent Bioanalyzer technology, we drastically reduced the time for analysis to a total of approximately 2.5 h. Further work will focus on the combination of the multiplex PCR assay with DNA microarray technology to (i) further accelerate the analysis of amplification products, (ii) enhance the sensitivity of amplimer detection, and (iii) include a specificity control by hybridization to gene-specific oligonucleotide capture probes. Furthermore, detection of resistance due to mutations affecting the target of antimicrobials as DNA topoisomerases for fluoroquinolones and the ␤-subunit of RNA polymerase for . The smallest amount of template DNA which can be detected by the multiplex PCR described here, i.e., 100 pg, corresponds to 10 4 staphylococcal cells (calculation according to www.molbiol.ru/ger/scripts). Therefore, this assay could be adapted to use in direct detection from positive blood cultures or from normally stable clinical samples such as blood or urine. However, it is less useful for direct detection from specimens in which mixed cultures with CNS are more frequent, such as wound swabs or nasal swabs. Since S. aureus and CNS have the same resistance genes (23), attribution of detected genes to a particular species is not possible. This can be overcome by using species-specific separation of S. aureus cells before performing DNA extractions, as described recently (13). A definite discrimination between S. aureus and CNS from pure cultures becomes possible by using the alternative control primer pair targeting the S. aureus-specific DNA fragment (24) .
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